D
URING a study of the vasculature of the human lumbosacral spinal cord, a previously undescribed intersegmental system of axons was observed coursing on the ventrolateral surface of the conus medullaris. These epispinal fibers apparently originated from ventral horn cells caudal to the L-2 cord level and radiated to the cord surface lateral and medial to the typical longitudinal zone of ventral rootlet emergence. The majority of these axons simply ran among or on the fibers of the pia-arachnoid in a general ventrocaudal direction until they united with the rootlets of a more caudal spinal nerve. Often, however, a conspicuous number of these nerve fibers emerged from the cord together and, combining with others at the surface, formed grossly visible ectopic rootlets that could easily be traced to where they joined a typical spinal nerve root one to several segments caudal to their level of origin ( Fig. 1) .
Mammalian radicular intersegmental connections have been reported sporadically since Lugaro 6 observed aberrant filaments between lumbosacral dorsal spinal nerve roots in 1906, but interest in their significance remained desultory and academic until around the middle of this century when increased use of spinal surgery made them of clinical concern. Although the conventionally described patterns of peripheral nerve distribution have been based on the generally valid segmental aspects of vertebrate development, clinical observations often showed substantial individual variance from the theoretically expected system of innervation, particularly in nerves of lumbosacral origin. These unusual neurological patterns have been attributed to peculiarities in plexus formation, TM~6 intrathecal alterations in the levels of spinal nerve origins, and vertebral exits or anomalous connections between adjacent nerve roots. [3] [4] [5] [6] [7] 9, 12 Since virtually all previous accounts of interradicular connections have concerned only the afferent components of the spinal nerve roots, the observations presented here represent the first report of an intersegmental system related to the ventral roots. However, as this aggregation of nerve fibers is evidently a consistent feature of the human lumbosacral spinal cord, it cannot be grouped with the more extramedullary "anomalies" nor can it be regarded as a major contributor to variant peripheral nerve patterns. Therefore, the study of these axons was directed toward providing additional basic information concerning their morphological aspects that may offer a groundwork for some insights and future investigations on their functional relationships.
Materials and Methods
Spinal cords from a total of 28 adult human cadavers were used in this study. Eight of these had been prepared for a previous investigation of spinal cord vasculature. The spinal cords were removed with the dural sheath intact from freshly prepared anatomic cadavers and injected by cannulation of the anterior spinal artery with a l:l:l mixture of synthetic latex, India ink, and distilled water in accordance with a protocol detailed previously. 1~ Segments were taken from the cervical, thoracic, and lumbosacral cord regions, embedded in paraffin, and sectioned at 5 ~m. Because of our original interest in the histological peculiarities of spinal cord vessels, sections from five cords were prepared with Masson's trichrome stain to differentiate the collagenous fibers from the contractile and epithelial elements. The remaining two spinal cords were prepared with Harris' iron hematoxylin stain.
For comparative reference, freshly fixed lumbosacral cord segments from four mature rabbits and two young (2-to 3-week-old) pigs were similarly embedded and trichrome stained.
Although the ectopic rootlets were grossly visible, optical examination of the cord surface with a x 30 dissecting microscope did not permit identification of the smaller groups of axons that coursed on and between the superficial fibers of the pia-arachnoid. Based on the possibility that a greater magnification might distinguish axons from collagen fibers, sections from three L5-$2 levels of human lumbosacral cords were formalin-fixed, gold-coated to 300-400 ]~, and visualized by scanning electron microscopy (SEM) at x 50 to x 1000 magnification.
The other 20 human spinal cords were randomly W. W. Parke and R. Watanabe selected from the formalin-preserved teaching collection of the medical school anatomy department. These were examined and photographed through a dissecting microscope to determine the general frequency, patterns, and locations of the lumbosacral ectopic rootlets. The typical zone of rootlet emergence is approximately 2 mm in width in the lumbosacral region of the cord, and a rootlet was not judged "ectopic" unless its origin from the cord surface was at least 2 mm lateral to the regular linear array of the conventionally described ventral rootlets.
Anatomical Observations
Microscopic examination of hematoxylin-stained cross sections from various levels of the spinal cord showed that the pia-arachnoid layer is markedly thicker in the lumbosacral region, where its complexity is best revealed in the Masson's trichrome preparations. With this stain, the fibrous connective tissue takes a purple to aquamarine hue, depending on the density of the collagen fibers, whereas the axons, non-lipid elements of the myelin sheath, and the glial cell processes become a deep red.
On the surface of the lateral funiculus of the conus medullaris, the leptomeninges show a pronounced bilaminar construction. The internal lamina consists of a sheet of very dense collagen bundles that run in a slightly oblique circumferential direction on the surface of the longitudinal fibers of the ventral and lateral funiculi. This layer stains deep blue to purple in the trichrome preparations, and on green-filter black-andwhite photomicrographs it appears as a dark gray or black arrangement of fiber bundles. The cross sections suggested that this layer was continuous (Figs. 2C and 3A and B), but in longitudinal views its arrangement in dense spiral bands separated by discrete slit-like intervals was obvious (Fig. 3C ). As this layer is a structural modification associated only with the epispinal system of axons, it apparently serves to allow the free egress of fibers from the substance of the cord while still providing a firm binding for the remaining underlying longitudinal funicular tracts. The thick but less dense fibers of the outer layer of the pia are loosely arranged in predominantly longitudinal bundles which stain a lighter blue, and shows as a collection of lighter gray undulant fiber bundles in the black-and-white photomicrographs (Figs. 2C and 4) . It was among these blue outer pial collagenous bundles that the carmine-stained aggregates of epispinal axons were first noticed ( Fig. 3A  and B) .
A continuous tracing of a single nerve element from its origin within the ventral horn nuclear columns to the epispinal location proved difficult due to the change in fiber direction relative to the planes of the histological sections. However, tracing an associated group of fibers through the various levels of the serially mounted cross sections leaves little doubt that the epispinal axons are projections from the ventral horn columns. Throughout most o f the length of the spinal cord, the ventrally projecting axons of the major motor nuclei emerge from the cord surface in a narrow longitudinal band (zone of rootlet emergence) to form the rootlets (ilia radicularis spinalis) of the ventral roots of the spinal nerves. In the lumbosacral region the ventral horns of the spinal gray matter become much enlarged between the L-2 and the S-2 levels where they contain the greatest number of motor cell somae. Although the predominant group of efferent lumbosacral axons is still conventionally directed ventrally toward the zone of root emergence, a large number of cell projections may be traced to the surfaces of the ventral and lateral funiculi and the opposing surfaces of the ventral median fissure (Fig. 3D) . Intraspinal fiber radiations from all aspects of the ventral horn gray matter were noted and illustrated by earlier neurohistologists who quite accurately presumed that they were mostly dendritic and axonal propriospinal fibers representing intersegmental associations in the lateral and ventral funiculi. However, consecutive analysis of serially mounted 5-urn sections of the L5-$2 region of the conus shows groups of fiber projections passing through the longitudinal funiculi to the cord surface. These fibers are not simply radially directed but pass outward in a caudally curving arc so that as they approach the cord surface they may be coursing almost parallel to the axis of the cord. This caudally curving course is also characteristic of the major groups of ventral horn fibers that project toward the zone of rootlet emergence, and it is most easily discerned in SEM views of a cord section, as in Fig. 2A . Here, the lipid fractions of the myelin were either removed or collapsed during processing, and the caudal arcing of the fibers shows as a change from tangential sections to cross sections of the large myelinated fibers as they approach in the ventral cord surface. In the longitudinal section of the cord surface shown in (4) shows where the bulk of motor fibers leave the cord to form the L-5 ventral root (1) . The large lumbosacral ventral horn with numerous motor cell bodies (6) shows radiation of fibers to the lateral and fissural surfaces as well as to the zone of root emergence. A and V indicate the anterior spinal artery and vein, respectively, with sections of a spiraling sulcal artery (3). This specimen had been intra-arterially injected with the latexIndia ink medium. The lack of ectopic rootlets on the entire side of the conus depicted here shows that they are not a constant manifestation of the epispinal axons. direction just before they pass outward between the fiber bands of the deep pial layer.
Intersegmental epispinal axon and ectopic rootlets
The 20 randomly selected formalin-preserved spinal cords were examined and photographed with a dissecting microscope at • 10 magnification. The lateral surface of each conus medullaris was exposed by widely separating the dorsal from the ventral roots and noting the position of the most caudal denticulum of the denticulate ligament. The lateral tip of this triangular extension of pial fibers passes between the obliquely directed roots of the L-2 and L-3 nerves to become fixed to the dura between the exit of the T-12 and L-1 spinal nerve roots. It thus serves as a fairly reliable reference for the determination of other root segmental levels after the cord had been removed from the spinal canal.
Although histological examination showed that the nonorganized epispinal fibers virtually covered the lateral funicular surface of the conus, they could not be distinguished from pial strands by superficial optical examination, nor even at the much higher magnification provided by SEM ( Fig. 2A) . Nevertheless, once a sufficient number of axons coalesced to form an ectopic rootlet, they acquired a distinct profile that was readily visible even without optical aid. In most cases, several of these obvious fiber strands converged and united to form a more conspicuous ectopic rootlet that freely coursed caudally independent of any further attachment to the meningeal surface (Figs. 1, 5, and 6 ). Despite a lack of consistent pattern, size, or bilateral symmetry in their distribution, ectopic rootlets were observed on all 20 specimens examined. One specimen showed only one rootlet on one side, and in six other cases the rootlets were predominantly unilateral. The four specimens shown in Figs. 5 and 6 were selected to demonstrate the variability of the ectopic rootlets. In 17 of the 20 spinal cords all the rootlets joined ventral spinal nerve roots one to four segmental levels caudal to their observed origin, but three specimens exhibited ectopic rootlets that coursed in a dorsocaudal direction and joined dorsal spinal nerve roots (Fig. 6B) .
The variability in the incidence and form of the ectopic rootlets may be partially explained by the fact that they are an unnecessary manifestation of the more extensive underlying epispinal axonal system. Thus, it is possible for the majority of these fibers to run their intersegmental course without contributing to any visible ectopic bundles or leaving the pial fibers of the conus. Another aspect of their inconsistency may be related to blood supply. The epispinal axons that run within or on the surface of the pia-arachnoid fibers are in intimate association with both the fine vessels of the vasa corona and the cerebrospinal fluid (CSF). The recent work of Rydevik and his associates 13 has shown that the CSF is highly nutritive and the spinal nerve roots in the pig are dependent upon the percolation of the surrounding CSF for more than 50% of their metabolic support. These individual fibers, particularly those on the surface, are evidently sustained by the freely flowing ambient CSF. As they collect to form the ectopic nerve bundle, however, the innermost fibers become more removed from free association with the CSF and may acquire a partial dependence on an intrinsic vascular supply. The cross sections have shown that the more substantial ectopic rootlets are accompanied by one or more arteries and veins derived from the vasa corona near the point where they become independent of the cord surface (Fig. 7B) . The irregular opportunity to establish such vasculature may also partially explain the very wide range in the number, location, and dimension of the ectopic rootlets.
Histological sections showed that, in addition to almost ensheathing the lateral and ventral funicular surfaces of the conus medullaris, epispinal fibers profusely covered the surfaces of the ventral median fissure at the equivalent segmental levels. Although they seldom exhibited significant ectopic rootlets, the fissure axons often formed a thicker epispinal layer than their ventrolateral counterparts. Examination of the cross section in Fig. 3D shows that the fibers from the left and right ventral horns often commingled where they become contiguous, and in high-powered microscopic observations, an actual crossover of many individual fibers could be traced. Thus, the epispinal system may offer the opportunity for contralateral intersegmental exchanges in addition to the more obvious ipsilateral associations.
Trichrome preparations of cervical and thoracic sections of the human spinal cord showed no epispinal system of nerve fibers or ectopic roots in these regions, and equivalently treated sections from the much elongated conus medullaris of the adult rabbits and 10-dayold pigs were also negative in these respects.
FIG. 7.
Photomicrographs of a 5-m# cross section from the conus medullaris at S-1 showing ectopic rootlets in various stages characteristic of their emergence from the ventrolateral surface of the cord. A: The rootlets just appearing on the pial surface (1 and 2) will eventually join free Rootlets 3 and 4, which have originated from higher segmental levels. The conventional roots at L-5 to S-1 have emerged from the typical zone of rootlet emergence (RE). The anterior spinal artery (A) and vein (V) are shown, x 33. B: Higher-power view slightly cephalad to that shown in A showing the same rootlets, which carry the same labels. Note that Rootlet 1 is still attached to the pial surface, while Rootlet 2 is about to acquire a profile. The circular pial band (5) is quite prominent. The axonal composition of larger ectopic rootlets may be discerned in Rootlet 3, along with its acquired blood vessels, x 133.
Discussion
The foregoing observations reasonably establish the fact that a system of epispinal axons, which may be partially and irregularly manifested as ectopic rootlets, courses along the lateral and ventral funicular surfaces of the human conus medullaris and provides some degree of intersegmental association between lumbosacral ventral horn nuclei and more caudal levels of spinal nerve roots. Unfortunately, this morphological study gives little indication of their function and, until some experimental or clinical evidence is acquired, the significance of these nerve fibers must remain in the realm of speculation.
An apology of the existence of these interconnections must first explain why they appear to be a feature unique to the lumbosacral region of the human spinal cord. It is axiomatic that the spinal cords of most higher mammals share a high degree of topological similarity in the arrangement of the major nuclear columns and fiber tracts, yet the lumbosacral cords of the quadrupeds examined showed no epispinal fibers. Also, considering the segmental developmental parity of the various spinal regions, it is equally enigmatic that the human cord would not show some rudiments of a similar system in other areas, particularly in the region of the cervical nerve roots.
A plausible explanation that would be consistent with these comparative and developmental aspects of the spinal cord may be related to the exceptional developmental history of the human conus meduUaris. Some degree of differential growth between the developing vertebral column and the spinal cord (ascensus spinalis) is common to all higher vertebrates, but it reaches its greatest extent in man. Whereas the tip of the conus remains at approximately the S-1 level in most quadrupeds, it ultimately "ascends" to terminate between the L-1 and L-2 levels in the human spine. The resulting more abrupt tapering of the human conus medullaris reduces it from its greatest lumbosacral diameter of approximately 9 mm to the 1.5-mm width of the ilium terminale in a distance of only 4 to 5 cm or one and a half to two vertebral levels. Thus, the greatest segmentally related concentration of motor nerve nuclei becomes tightly packed in a very abbreviated and acutely tapered section of the cord. In contrast, most quadrupeds have a longer lumbar region of six or more vertebrae combined with a definitive position of the conus that resembles the human 24-week stage of development in that it terminates at the S-1 level. Therefore, the root origins of the lumbosacral nerves are less tightly spaced, and a greater mass of the longitudinal funicular tracts still covers most of the ventral horn gray matter. The comparative implication here is that such ventral root intersegmental connections, as exemplified by the epispinal axon/ectopic rootlet system, may well exist to some degree in other cord regions and in other animal lumbosacral cords, but they are interspersed among the other fibers of the lateral and ventral funicular tracts. They are apparent on the surface of the human conus only because the sudden diminution of the lumbosacral funicular tracts over the greatest enlargement of the ventral horn gray matter has forced them to become externalized.
If this postulation is valid, then it requires the assumption that a certain number of axonal fibers normally exists between the groups of motor nerve nuclei conventionally assigned to a given segmental level and the ventral spinal nerve roots of a more caudal segment. Then, would these intersegmental axons be the major efferent branches of specific ventral motor horn cells, or would they be an auxiliary axonal branch of a typical motor nerve neuron that sends its major efferent branch out via its segmentally related spinal nerve root? From a functional standpoint, the latter concept is more appealing since the alpha motor neurons are already known to have collateral branches in the form of the recurrent fibers that synapse with the Renshaw cells and contribute to the beta inhibitory loop. However, the existence of such a system of motor neuron intersegmental branches has never even been suggested in the literature to date. A case for the functional value of such a system could readily be made for its potential "sparing" effect. Damage to an individual ventral nerve root would be partially compensated should the major cells of the affected level also have some collaterals that reach the involved muscle units by adjacent nerve roots. As a corollary, the nerve roots derived from a segmental level of damaged motor nerve cells could still carry some functional efferent fibers from cells of more cranial levels. Unfortunately, there has been little experi-mental investigation of any collateral potential on the efferent side of locomotor innervation, but the literature contains extensive observations concerning the intersegmental relations of the afferent components of the spinal nerves. Of particular interest is the work on the cat spinal cord reported by Goldberger and Murray. z'8 These authors found that a gradual restitution of function followed deafferentation and hemisection of the cord, separately or in combination, indicating a substantial ability for intersegmental collateral axonal sprouting within the lesioned spinal cord. If the gradual development of axonal collaterals can ameliorate the effects of certain lesions, then a preexisting system of collaterals would certainly provide an accessory "backup" system against the occurrence of segmental root or cord lesions affecting the efferent side of the locomotor system.
Since the early Bell-Magendie "law" of a strict ventral/motor-dorsal/sensory relationship between the spinal nerve roots has long been regarded as more of a generality, and Coggeshall and his associates ~ have demonstrated the presence of unmyelinated afferent axons in the lumbosacral ventral roots, the possibility that the epispinal system might be largely composed of afferent fibers had to be considered. However, if the typical ectopic rootlet may be regarded as a valid sampling of the epispinal axons, the neurohistological composition of the system does not appear to differ markedly from that of the conventional ventral root fascicles. Examination of ectopic root cross sections showed that the ratio of large well-myelinated fibers was approximately the same as that seen in ventral root bundles of nonepispinal origin. The cross sections depicted in Fig. 7A and B provide a good illustration of the various stages in the emergence of an ectopic rootlet from the surface of the cord. It can be noted that the fibers within the pial strands have the same degree of myelination as they did within the spinal cord, but once the larger axons reach the surface they acquire the heavy layers of myelin characteristic of those within the ventral roots. This indicates that the transition between glial and Schwann cell myelin contributions occurs at the surface of the pia-arachnoid and not where the fibers first leave the substance of the funicular tracts.
Although functional confirmation is lacking, histological evidence suggests that the epispinal axons and ectopic rootlets are most likely intersegmental ventral efferent fibers, and their occasional association with dorsal roots (Fig. 6B) gives palpable support to the fact that lumbosacral dorsal roots may carry efferent nerve components.
The predilection of reported interradicular connections to be an almost exclusive manifestation of the dorsal roots was given an embryological rationale by Schwartz,14 who had observed numerous cervical dorsal root interconnections in the human. He reasoned that these root anastomoses were the definitive results of incomplete segmentation of the originally continuous ganglionic ridge of the neural crest, and cited Streeter's observations 15 that adjacent primordia of dorsal root ganglia often retained "bridging" strands during the segmentation process. A selective advantage to the retention of cervical dorsal root interconnections was postulated by Krahl, 5 who noted their preponderance in animals (such as raccoons, monkeys, and man) that are "... capable of executing refined dexterous movement of the forepaw or hand."
In contrast to the extramedullary origin of dorsal roots, the ventral roots arise from intramedullary nuclear columns that never undergo segmentation. However, their axons grow out in a series of discrete bundles due to an early developmental commitment with their segmentally related myotomes, and apparently they do not have the predisposition to form and retain interradicular connections. Aside from this ontological difference, the lack of noteworthy occurrences of extramedullary ventral root anastomoses may also be due to the fact that the epispinal system in humans, and possibly some intramedullary equivalent in quadrupeds, has already provided the probable advantages of intersegmental radicular connections. In addition, all reported dorsal root anastomoses were limited to single-level connections between two adjacent roots, whereas the human epispinal/ectopic root system, by spanning one to several segments, offers a much greater range of intersegmental associations.
